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Our results indicate that only about onethird of the strong earthquakes are preceded by foreshocks that are separated in time from an independent shock by more than tM. For other modem catalogs of earthquakes that are similar in quality to the central California CALNET catalog, the number of failures-to-predict is about the same, that is, of the order of two-thirds (1, 3, 4) .
A modification of the above strategy for prediction is called for in the case of the occurrence of strong earthquakes. Strong earthquakes have the potential for serving as foreshocks of even stronger earthquakes, or they may be the main shock in the sequence, just as weaker earthquakes can serve both functions. However, the coda time tM is about 15 minutes for an earthquake with mL = 5, and this time increases by a factor of about \/1T0 for a unit increase in earthquake magnitude. If an earthquake with mL = 6 were to occur, with or without prior warning according to the scenario above, no alarm for a possibly even stronger earthquake would be sounded for about tM = 50 minutes, which might be an unacceptably long delay for issuing a warning. This difficulty is circumvented if we reduce the dead time for large earthquakes to a value less than the coda time.
This modification for strong earthquakes indicates that response strategies can also be developed with time delays of the order of seconds. As suggested by Heaton (20) , it may be possible to predict some large earthquakes through the analysis ofsmall starting phases of complex events that later blossom into large earthquakes. These small starting phases are genuine earthquakes whose signals overlap with those of their successors and raise the probability level for a short time, thereby triggering an alarm for the larger event. The number ofthese preshocks should increase as tb-3/2, where tb is the time before the start ofthe main phase ofa strong earthquake (2) (3) (4) . In the present method, we are not restricted to dead times of the order of rupture times, but instead we are able to use longer delays of the order of a few minutes. With this procedure there should be far fewer failures-to-predict for very strong earthquakes. Automated response strategies could take advantage of these predictions in a well-developed technology.
The differences between our proposed forecasting technique and methods that use 19 
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.. empirically derived probabilities of foreshock-main shock occurrence may be summarized as follows. (i) Since our model is based on a formulation derived from a multidimensional stochastic process, it is not necessary to use arbitrary windows to analyze seismicity, nor is it necessary to delete aftershocks from a catalog to make the catalog amenable to statistical analysis. Therefore, our forecasts are not dependent on a post-factum classification of earthquakes into fore-, main, and aftershocks, a subdivision that may not be possible in real time.
(ii) Since the parameters of our seismicity model are obtained through a maximum likelihood procedure, the model is optimal in a quantitative way. The choices of the parameters can be justified on the basis of a well-defined theoretical model of earthquake occurrence (2, 10, 19 Bateson (2) supplied the Mendelian explanation, providing an early success for the then newly rediscovered theory of heredity. Theory subsequently predicted and observation has confirmed that the rarer the disease, the more pronounced is the effect (3) .
Our strategy for gene mapping relies on the related fact that in a child of a consanguineous marriage affected with a recessive genetic disease, a region of many centimorgans (cM) spanning the disease locus is almost always homozygous by descent. A few other regions may also be homozygous by descent in any given child, but these regions will vary from one child to another. Searching for regions that are consistently homozygous by descent would be expected to provide a powerful strategy for mapping a recessive gene (4) .
A complete restriction fragment length polymorphism (RFLP) linkage map of the human genome (5) may soon be available.
We suspected that such a map might make it feasible to detect homozygosity by descent (by looking for regions in which a number of adjacent RFLPs were all homozygous) and thereby to map recessive traits in humans without the need for family studies. Below, we provide a rigorous justification for this intuition.
Consider a child with coefficient of inbreeding F, defined (6) as the chance that a given locus will be found homozygous by descent or, equivalently, the fraction of the child's genome expected to be homozygous by descent; for sibling, first-cousin, and second-cousin marriages, F = 1/4, 1/16, and 1/64, respectively. Imagine a disease caused by a recessive allele at a single Mendelian locus, where disease alleles have frequency q in a population in Hardy-Weinberg equilibrium. If the child is affected, then homozygosity by descent at the disease locus is almost surely at fault; the probability is a = Fql[Fq + (1 -F)q2]. To see this, note that Fq of all inbreds will be homozygous by descent at the disease locus and affected, while (1 -F)q2 will not be homozygous by descent at the disease locus but will be affected due to random meeting of disease alleles. Provided that q is small compared to F, a is very close to 1. While the region actually around the disease locus is homozygous by descent with probability a 1, unlinked regions are homozygous by descent with a probability of only F (<< 1). Consider an RFLP so polymorphic that homozygosity for any allele implies homozygosity by descent. Each time that such an RELP were observed to be homozygous in an inbred affected child, one would obtain an odds ratio of a:F in favor of the hypothesis that the disease gene is tightly linked to the marker, as compared to ix68 the hypothesis that it is unlinked. For example, finding homozygosity for such an RFLP in the affected progeny of a firstcousin marriage (F = 1/16) yields odds of 16:1 in favor of linkage. If the RFLP is in fact tightly linked, then homozygosity will be consistently observed and odds of 163 :1 in favor of linkage-well over the accepted threshold (7) of 1000:1 required for proving linkage-will be obtained after studying only three such affected children.
While one cannot count on having a single highly polymorphic RFLP exactly at the disease locus, a similar effect can be accomplished by the use of a genetic map of adequately polymorphic RFLPs spaced throughout the human genome.
Specifically, homozygosity mapping would be performed as follows. To test the hypothesis that the disease gene maps to a given interval, we would examine the DNA ofeach affected inbred child for homozygosity at (say) six consecutive RFLPs-three to the left and three to the right of the interval. There are 64 possible outcomes at the six loci denoted HHH.HHH, HHH.HH-, HHH.H--, and so on, where "H" denotes homozygosity, " " denotes heterozygosity, and "." indicates the interval being tested for linkage. For each outcome, we would compute the probability PI that the outcome would occur if the disease actually maps to the interval and P2 that the outcome would occur if the disease is actually unlinked. The odds ratio in favor of linkage is then P1 :P2. Odds ratios from independent cases can then be multiplied until the threshold of 1000:1; for the customary "LOD score"
(loglo of the odds ratio) the threshold is 3. In order to estimate the power of the method, it is necessary to compute the expected LOD score (ELOD). If the interval actually contains the disease gene, the ELOD will be Y PI1(w)z(w), which turns out to be 0.31. Thus, to achieve an LOD score of 3, about ten (= 3/0.31) such inbred affected children will on average be required.
If the interval under study is unlinked to the disease gene, however, the ELOD will be I P2(w)z(w), which turns out to be -0.35; about six children will be needed to achieve the customary threshold (6) of -2 for exclusion.
The results of many similar calculations are summarized in Fig. 2 , which displays the expected number of inbred offspring [progeny of brother-sister ( Fig. 2A) , first-cousin (Fig. 2$) , or second-cousin (Fig. 2C) of the method. It might seem that more distant inbreeding (for example, a mating ofsecond cousins rather than of siblings) would yield more information about linkage, since unlinked regions would be even less likely to be homozygous by descent. However, two serious problems limit the usefulness of more distant consanguinity: (i) Because of the increased number of opportunities for recombination, a denser RFLP map is required to extract the full information (Fig.  2). (ii) As the coefficient of inbreeding F falls relative to the allele frequency q, so too does the probability that the disease is actually the fault of homozygosity by descent. Eventually, the disease locus will not be homozygous by descent frequently enough to make detection possible. This effect is shown in Fig. 2D , which displays the relative increase in the number of inbred affected children required for homozygosity mapping, as q increases, for different degrees of inbreeding.
The following prescription, for example, will ensure at most a doubling of the required numbers in Fig. 2 , A to C: the allele frequency q must be less than about 0.07 for progeny of sibs to be useful; q < 0.02 for progeny of first cousins; q < 0.008 for progeny of second cousins. Since most recessive diseases have q < 0.02 [this being roughly the frequency of the cystic fibrosis allele in the United States (10)], progeny of first-cousin matings and closer should be generally quite efficient for homozygosity mapping. Progeny of second-cousin matings should be collected for relatively rarer diseases.
We should emphasize that LOD scores obtained via homozygosity mapping are authentic LOD scores, as used in human genetics: they may be directly added to LOD 19 JUNE I987 scores obtained from traditional family studies, since each represent likelihood ratios obtained by comparing the same two hypotheses. In this connection, it is striking to note that the ELOD obtained from a single affected child from a first-cousin marriage is equal to that of an outbred nuclear family with three affected, in the limit of a dense RFLP map; in both cases, six meioses are under study, with two being used to infer phase of the recessive disease allele.
The main advantage of homozygosity mapping is thus that it provides a way to map a recessive disease, even when-as is frequently the case-families with multiple affecteds are scarce. Since inbred children are overrepresented among those affected with a recessive disease (and since the overrepresentation is more pronounced the rarer the disease), it should often be easier to gather enough inbreds for homozygosity mapping than to gather enough families with multiple affecteds for traditional family studies (11).
Bloom's syndrome (12) , for example, affects roughly 100 living individuals, but there are only eight known families with two living affecteds and one with three Homozygosity mapping may therefore be the method of choice for mapping the chromosomal location of most of the 1420 suspected recessive disorders listed in McKusick's catalog Mendelian Inheritance in Man (12) . Of course, multiplex families should also be collected where available, since LOD scores can be combined.
Cases of affected inbreds can be collected in the United States and Britain, even though overall consanguinity rates are low. However, population geneticists have extensively studied many regions in which geographic isolation or cultural norms have led to a considerably higher rate of consanguineous marriages (15) . Among the regions deserving special attention for homozygosity mapping are: parts of Italy, where con- (15) .
Note that the homozygosity rate h for an RFLP refers to the population from which the inbred is ascertained (19 of a first-cousin marriage), the search for the gene may be confined to the overlap of these regions (median length -28/n cM, if n affected first-cousin progeny are studied). Finally, we have assumed above that the disease is homogeneous (is caused by mutations at a single locus), although it is hard to know this in advance. If linkage is not found under the assumption of homogeneity, however, one may adapt the strategy of simultaneous search, which we recently proposed elsewhere (21) . Briefly, simultaneous search would consist of searching for a set of several loci with the property that at least one is homozygous by descent in most of the inbreds. Figure 3 shows the number of inbred individuals needed to map a heterogeneous trait by means of homozygosity mapping; for maximum efficiency, a higher resolution RFLP map would be preferred.
The study of inbred children will be more likely than traditional family studies to reveal rare trait-causing loci in the case of a heterogeneous trait, since loci will be represented in proportion to their allele frequency (ql:q2:.:qk) among inbreds, but in proportion to the square of the allele frequency (qI2:q22:...qk2) among the general population.
Homozygosity mapping may greatly extend the range ofrecessive diseases amenable to linkage mapping, because affected inbreds are not uncommon and relatively few are needed. Homozygosity mapping becomes practical only with the advent of a human genetic map. It exemplifies the sort ofstrategies for human genetics that will become available, we believe, as the human genome becomes more thoroughly explored (20) .
